Abstract: Recent progress in the field of zwitterionic polyelectrolytes is reviewed. This class of polyelectrolytes is only five decades old, since the first synthesis was in 1952. Polycarboxybetaines, polysulfobetaines, polyphosphobetaines and a few more zwitterionic materials compose this class of polymers. In the current search for 'biomimicking' materials, this class is particularly important. The responsive properties of polyzwitterions are specific, sensitive and instantaneous to a wide variety of external stimuli, which has been reviewed in this article. The synthesis of polyampholytes and polybetaines (homopolymers, copolymers, block polymers) are reviewed. The exploitation of such materials in solid state conducting materials, chromatographic materials and other applications has been incorporated. The extensive discussion on solution properties, antipolyelectrolytic characteristics and influence of varying class of electrolytes has been qualitative as well as quantitative providing an insight into the importance and relevance of such materials, the block polymers form reversible 'schizophrenic' micelles also.
Introduction
Our body functions are facilitated and controlled by innumerable biomacromolecules. Some of the most crucial and important biological functions are performed by the polyelectrolytes, such as polynucleotides, polypeptides (proteins), etc. Inspired by the foolproof structure and functioning of our biological system, man has tried to mimic and learn from it since time immemorial. Hence, polylectrolytes of natural origin or synthetic ones has long been the subject of extensive exploration. Besides their importance as biopolymers, they are equally useful technologically as well. The quest for advanced polymer architectures are being approached through different modes, such as covalent fixation, hydrophobic, hydrogen bonding or electrostatic self assembly. Such interactions are likely to be altered by environmental stimuli such as temperature, pH, ionic strength or addition of small molecules, for e.g. surfactant molecules etc. The responsiveness of this nature can be fruitfully exploited for applications such as drug delivery, sensors, actuators, catalysts, etc.
Polyelectrolytes have either cationic (cationic polyelectrolytes) or anionic charge centers (anionic polyelectrolytes) along the macromolecular chain or both the charges on the same macromolecular chain (zwitterionic polyelectrolytes or polyampholytes). The former two are jointly referred as "Polyelectrolytes". Regarding the latter, as referred by Lowe and McCormick [1] , it is primarily necessary to highlight the difference between 'zwitterionic polyampholytes' and 'polybetaines'. Polyampholytes specifically possess the charged groups on different monomer units while the polymers possessing anionic and cationic groups on the same monomer unit are termed as polybetaines and the two combined together are referred hereafter as "zwitterionic polyelectrolytes" for the sake of brevity.
The zwitterionic polyelectrolytes are generally named after the anionic moiety, like sulfobetaines (having sulphonate as the anionic moiety), carboxybetaine (carboxylate anion) or a phosphobetaine (phosphate/phosphonate/phosphinate anion). Besides these commonly found betaines, a few scientists have reported dicyanoethenolates also as betaines [2] . Betaines are highly useful as fungicides, fire-resistant polymers, lubricant oil additives, emulsifying agents and wetting agents, in the cleaning industry and as cryoprotectants also [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The specific features that make zwitterionic structures technologically important are their chemical structure, a straight forward synthetic route, high ionic contents, interesting dilute solution and solid state properties, the presence of highly polar groups and the possibility to obtain copolymers of varying proportions. The development of modern, simple, efficient separation modes has become possible only due to the unique artifacts shown by zwitterionic materials [13] [14] [15] [16] [17] [18] [19] [20] . A number of complete and efficient separations of biomolecules, up till now not achievable, are being made realistic with these macromolecules. The procedures for DNA assay are being developed with such materials [21] .
Polyampholytic systems which incorporate both anionically and cationically charged groups, have received less attention in the literature than polyelectrolyte systems, although the former can be especially useful in electrolyte containing polar solvents. The synthesis of electrolyte tolerant, water-soluble polymers that contain ionic pendant groups has been the goal of certain academic and industrial laboratories for last 15-20 years [22-26] .The polyampholytes have been found to be well suited for the purpose of developing tolerance in the presence of added electrolytes. Such systems, prepared from monomers of zwitterionic nature, which incorporate both the anionically and cationically charged groups in a single monomeric unit, are particularly intriguing. An intrinsic characteristic of zwitterionic polymers is that the cation and anion are covalently bonded, thus creating a permanent dipole. This is the major difference between polyzwitterions and polyelectrolytes whose behaviour in aqueous solutions is determined by the coulombic interactions arising from the dissociation of the macroion-counterion ion pairs. In addition, they can be tailored for enhancement in viscosity and solubility in the presence of added electrolytes due to shielding of coulombic (dipole-dipole) attractions [27] [28] [29] [30] . They are promising for the formulation in the presence of electrolytes and surfactants also. Besides possessing unique molecular architecture, polyampholytes can exhibit pH-responsiveness, which is especially important for developing "smart" rheological fluids. Such properties are being exploited for the development of anticarcinogenic drugs in combination with fullerenes [31] . The zwitterions assist in improving the biocompatibility of various medical tools [32] , nanotechnology tools [33] and biotechnology [34] without any compromise.
Polyampholytes have been synthesized by copolymerization of both anionic and cationic monomers into the polymer backbone [29, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] or by incorporating into the polymer zwitterionic monomer units [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . Most studies so far have focused on poly (ammoniopropanesulfonate)s and poly(ammoniobutanesulfonate)s as they are easily accessible via alkylation of tertiary amines by propane sultone and butane sultone, respectively [27, 48, 51, [57] [58] [59] [60] . This route has the particular advantage that the presence of low molecular weight salt in the final reaction mixture is avoided and thus can be excluded from the polymers. In fact salt impurities are tenaciously held by polyzwitterions, but the complete removal of bound salt is crucial for a number of studies such as thermal stability, viscometry, electrical conductivity, etc. The incorporation of non-ionic, hydrophilic comonomers is often necessary to impart solubility and offers a convenient way of altering charge density [30, [61] [62] [63] [64] [65] [66] . However, a major problem for fundamental studies is that the distance between the cationic and anionic moiety is fixed in these polymers, i.e., the number of methylene units 'n' always equals 3 or 4, or exceptionally 2(ref 67, Scheme1 ) . An interesting feature of low charge density polyampholytes is the tendency to form intermolecular associations in deionized water.
Although being the oldest known poly (betaines)s [47] , poly(carboxybetaine)s posed problems for a long time in fundamental studies as standard synthetic pathways could not exclude the presence of residual low molecular weight salt in the polymers. But recently, for non-polymerizable zwitterions, this problem was resolved by the use of anionic ion-exchange resins as a key step in the synthesis [68] [69] [70] [71] . This strategy allows any desired distance to be achieved between the cationic and anionic moiety in the carbobetaine groups, i.e. the number of methylene units 'n' can be adjusted to any value, except n = 2, as these adducts of acrylic acid and tertiary amines are not stable [70] [71] [72] .
Zwitterionic monomers based on an ammonium group and a sulfonate group is termed sulfobetaines and remains zwitterionic over a wide range of pH [27, 52-54, 56, 57, 67, 73] . However, when the anionic group is a carboxylate group (carbobetaines), the zwitterionic monomer can be rendered cationic by lowering the pH of the aqueous medium [47, 49, 55, 74] . This pH-responsive property can dramatically alter rheological properties of carboxybetaine polymers and copolymers. In addition to the nature of anionic moiety of the zwitterionic group, the number of methylene units between charged centers also affects the solution behaviour [74] . Small molecule studies of surfactants possessing carboxybetaine head groups have shown that phase behaviour in aqueous media is based on the dipolar characteristics and hydrophobicity of the zwitterionic amphiphile [12] . Increasing the number of methylene units between charged centres increases the dipole moment and thus hydrophilicity. While adding more methylene units, the hydrophobicity of the group increases.
A particular characteristic of zwitterionic systems, i.e. the presence of ionic groups containing two charges of opposing sign joined by covalent bonds, have shown the properties of excellent matrix in which only target ions can migrate [75, 76] . The high dipole moment of zwitterionic groups extend a unique polar host matrix characteristic possessing a strong solvation power towards a variety of polar or ionic guest species. Excellent matrices are produced having high ionic conductivity. The stoichiometric blends of the polyzwitterion with alkali metal salts of low lattice energy are amorphous systems showing a single glass transition, with plasticization or antiplasticization effects depending on the salt nature. The zwitterionic imidazolium salts having vinyl groups were synthesized and polymerized by Ohno's group [77, 78] . These rubbers like polymers showed excellent ionic conductivities of ~ 10 -5 S cm -1 at 50 o C on addition of an equimolar amount of lithium bis (trifluoromethane sulfonyl) imide to the imidazolium cation unit. The zwitterionic type salts and their polymers both have unique ion conductive characteristics. Such compounds are designed to tether the anion and cation both, preventing migration under the influence of an electric field. These have been shown to enhance lithium ion diffusivity in polyelectrolyte gels [79] . In the absence of salts, the observed conductivity exhibit specific dipole-dipole interactions in the zwitterionic polymers studied. The molecular structure of the zwitterionic polymer was found to play decisive role in the conductivity of polymer-salt systems studied. The dipole-dipole interactions manifest a cooperative effect responsible for the departure from the Debye limit, leading to high conductivity [80] . 2-Ethynylpyridine was quaternized with 1,4-butane sultone and a poly[2-ethynyl-N-4-sulfobutyl) pyridinium betaines] (PESPB) was produced and exhibited the higher dielectric constant and electrical conductivity than pyridine based polymers attributed to the self dopable properties [81] .
Synthesis
The unique properties of zwitterionic polyelectrolytes have been invoked for many academic, industrial and technological uses for long. Polyampholytes having random distribution of positive and negative charges were synthesized in 1950s [35, 36, 39, 82] . Alfrey and Morawetz [35] synthesized the acrylic acid-stat-2-vinyl pyridine copolymer. The copolymer of acrylic acid with 2-(diethylamino) ethyl methacrylate was prepared by Alfrey and Pinner [36] while, that of methacrylic acid with 2-(dimethylamino) ethyl methacrylate by Ehlrich et al [37] .
The first polybetaine was synthesized by Ladenheim and Morawetz in 1957 [47] . Poly (4-vinyl pyridine) on treatment with excess of ethyl bromoacetate yielded the quaternized polymer of carboxybetaine. The sulfobetaine was also reported soon afterwards by Hart and Timmerman in 1958 [57] . The vinylpyridines were quaternized with 1,4-butane sultone to yield sulfobetaine monomers and subsequently polymerized in aqueous solution by using the free radical initiator, potassium persulfate /sodium bisulfite. These pioneering works in this area led Salamone et al to exploit the vinylimidazolium salts in 1970s to produce a series of polymers (homoas well as co-) including the polyampholytes and polybetaines [27, 50, [83] [84] [85] [86] . 1, 3-propane sultone quaternized the imidazole ring, which was polymerized to sulfobetaine polymer by free radical polymerization using 4, 4'-azo-bis-4-cyanovaleric acid (ACVA). The aqueous solution properties of thus produced polybetaines were studied.
The block polyampholyte, for the first time was reported from the laboratory of Stille et al [87, 88] . The copolymers incorporating 2-vinyl pyridine (2-VP) and trimethylsilylmethacrylate (TMSMA) was prepared by anionic polymerization technique. The methacrylate residues were susceptible to hydrolysis yielding methacrylic acid in water/methanol mixture. The desalination properties of the copolymer membrane were invoked for study. Continuing with the block polyampholytes, Varoqui et al [89] synthesized the diblock polymers of 2-VP and styrene. The styrene residues were sulfonated to produce AB diblock polyampholyte, poly (styrenesulfonate-2-VP). Another block copolymer of TMSMA with p-N,N'-dimethylamino styrene was reported in 1982 [90] and that of poly(1-methyl-4-vinyl pyridinium chloride-block-methacrylic acid by Bekturov et al in 1990s [91, 92] .The block copolymer of methacrylic acid with (dimethylamino) alkyl methacrylates was synthesized by anionic polymerization [93, 94] . tert-Butyl methacrylate was used as a precursor of the poly(methacrylaic acid ) residues.
Group transfer polymerization (GTP) [95] ,a type of anionic polymerization, particularly suited to the living polymerization of methacrylates at room temperature, was used by Patrickios et al [96, 97] to prepare block polyampholytes where the protected acid monomers has to be used instead of free monomers with labile protons. TMSMA and 2-tetrahydropyranyl methacrylate (THPMA) was used for the ease of conversion to acid residue either by methanolysis (TMSMA) or by thermolysis in solid state and by acid hydrolysis in solution (THPMA). The protected methyl methacrylate (MMA} monomers were copolymerized with 2-(dimethylamino) ethyl methacrylate (DMAEMA) and MMA as third comonomer for the triblock polymer. Cu(1) complexes were developed for living polymerizations [98] . Afterwards, the diblock copolymers of DMAEMA with MAA were synthesized by Armes group using THPMA as a protected precursor [99] [100] . Thermolytic deprotection of THPMA resulted in inter-and intramolecular methacrylic anhydride formation [101] .
Assortments of additional block polyampholytes have also been reported in literature [102] [103] [104] [105] . Goulob et al [105] have prepared ampholytic copolymers of poly(dimethylamino)ethyl methacrylate and sodium polymethacrylate and studied their association behaviour in aqueous solution. Their study substantiated the decisive role of electrostatic forces controlling their phase separation and aggregation at or around isoelectric pH. The triblock polyampholyte ABC, ACB and BAC have been synthesized by GTP where THPMA residues were acid hydrolyzed to MAA residues [104] . A suitable diblock copolymer was prepared via GTP [106] .
In the 1980s, Galin and coworkers have manoeuvred over polysulfo betaines [2, 51, 52, [107] [108] [109] [110] [111] [112] .The synthesis and characterization of a series of high mol. wt. aromatic and aliphatic poly (sulphopropyl betaines) was published ( Figure 1 For the intention of studying bulk properties of the highly polar zwitterionic structures, random copolymers of ethylacrylate and 3-[diethyl-2-(-2-methacryloyloxyethoxy) ethyl ammonio]propane sulphonate were synthesized as their parent homopolymers show a large difference in polarity and glass transition temperatures [107, 109] . The copolymerization of another amorphous statistical copolymer of n-butyl acryalte (A) and 1,1-dimethyl-1-(3-methacrylamidopropyl)-1-(3-sulphopropyl)ammonium betaine (B) was studied. The two monomers had very high polarity difference (μ A~1 .72 D and μ B~ 25 D). The dilute solution studies proposed a transition from a homogenous to a heterogeneous system resulting in a rather sharp increase in the chain length of the copolymer by a factor of about 2.3 [112] . The laboratory of Laschewsky et al has reported both the carboxybetaines and sulfobetaines [113] [114] [115] [116] [117] [118] [119] and several zwitterionic polymers were prepared by radical homopolymerization of surfactant monomers which bear diallyl, diene or vinylcyclopropane moieties [116] . The polymer systems were complemented by alternating copolymers of appropriate zwitterionic vinyl compounds. Thus, polymers with reduced (as compared with simple vinylic homopolymers, or statistical copolymers) and well defined density of surfactant side groups were obtained. For the purpose of modifying the properties of zwitterionic homopolymers, vinyl copolymers were synthesized from zwitterionic surfactant monomers and polar comonomers. The glass transitions of the copolymer are lowered by increasing the suitable comonomer content. The characteristic superstructures in bulk are lost but copolymers with both glass transition and superstructures can be prepared. The oligoethyleneglycol spacer group was included between the polymerizable moiety and the dipolar surfactant structure and explored their aggregation behaviour in aqueous systems. Such spacers improve the self organization of amphiphilic polymer with lipid like structure, but here it proved to be inappropriate [115] for the same.
Phosphazene based sulfobetaines have been reported by Allcock et al [120] . Schulz et al synthesized the homopolymers of methacrylic acid based sulfobetaines [53] . A series of poly(sulfobetaine)s and corresponding cationic polymers was concocted by zwitterionic sulfobetaine and cationic monomers with different e -withdrawing groups and spacers between the charged groups [56, [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] . The poly(sulfobetaine) derived from acrylamide-maleic anhydride copolymer was prepared [127] . The acrylamide and maleic anhydride were polymerized using AIBN as initiator under suitable conditions. 3-Dimethyl aminopropylamine was added to yield acrylamidedimethylamino propyl maleimide which on treatment with 1,3-propane sultone gave the sulfobetaine acrylamide-N,N ' -dimethylmaleimidopropylammonium propane sulfonate. Another novel sulfobetaine by using AIBN as initiator and subsequently amidization was carried out similarly as in [129] and 1,3-propane sultone was added to the copolymer to yield styrene-[N,N'-dimethyl(maleimidopropyl) ammonium propane sulfonate. Lee and Chen disposed a series of 2-hydrxyethylmethacrylate /N,N'-dimethyl-(acrylamidopropyl) ammonium propane sulfonate copolymeric gel by using the cross-linker N,N'-methylene-bis-acrylamide. The influence of the zwitterionic content in the copolymer on the swelling behaviour of gel was scrutinized [130] . Another series of N-isopropylacrylamide based zwitterionic hydrogel (thermosensitive) was reported by this group in 1999 [131] . The polycarboxybetaine, poly[N,N-dimethyl((methacrylamido)propyl) ammonium propiolactone] was prepared [136] and studied for its behaviour in aqueous system [136] . A mixture of individual chains and interchain associations are observed in deionized water. The addition of NaOH and NaCl leading to higher ionic strength furnishes a weaker electrostatic attraction breaking up inter and intrachain associations, culminating in smaller interchain aggregates. Simultaneously the electrostatic repulsion and solvation both are diminished making the chain more hydrophobic leading to intrachain contraction and interchain aggregation.
Copolymers of cationic trimethyl(4-methacrylamidophenyl)ammonium methyl sulfate (TMMAPhAMS) and zwitterionic 3-dimethyl(4-methacrylamidophenyl)ammonato propane sulfonate (DMMAPhAPS) monomer with methacrylamide (MAA) have been prepared by free radical polymerization using 4,4′-azobis-cyanovaleric acid as an initiator in aqueous solution [137] . The dilute-solution properties of the two copolymer series have been studied in related to their composition and added electrolytes. The polymers of such monomers showed the influence of hydrophobic groups over the solubility [138] . The usual zwitterionic viscosity behaviour was obtained. Novel sulfobetaines were synthesized from two urethanes derived from 2,4-tolylene diisocyanate (TDI) blocked with 2-hydroxyethyl methacrylate (HEMA) and either N,Ndimethylaminopropylamine(DMAPA) or N,N-dimethylaminoethanolamine [132] . The tertiary amine urethanes were quaternized by 1,3-propane sultone. The synthesis of styrene-(N,N-dimethylmaleamidicacidpropylammoniumpropane sulfonate) copolymer [poly(SDMMAAPS)] was reported by Lee and Chen in 2004 [134] having the -COOH group and the sulfobetaine group in the same polymeric chain, imparting unusual properties to the copolymer ( Figure 2 ) and were analyzed for their aqueous salt solution behaviour. The sulfobetaine copolymers based on (meth)acrylamide have been reported by Konak et al [139, 140] . The hydrogels prepared from N,N'-dimethyl -N[(methacryloyloxy)ethyl]-N-(3-sulfopropyl) ammonium betaine (SPE) and poly[1-(3-sulfopropyl)-2-vinyl-pyridinium betaines] were studied for their swelling behaviour [141] [142] [143] and compared for the corresponding properties with HEMA hydrogels. The cross-linked poly(SPE-HEMA) prepared by γ-irradiation, were examined for their swelling characteristics in pure water [141] and in aqueous KCNS solution [142] . Three acrylamide based ampholytic hydrogels were prepared by Baker et al [144] . The hydrogels were designed to have no net charge and with overall fixed charge densities of 20 % of all network structural units (10 % cationic structural units and 10% anionic structural units). One hydrogel was prepared using [(methacrylamido) propyl] ammonium chloride, rendering positive charge to the copolymer and sodium styrene sulfonate, rendering negative charge, thus providing ampholytic nature to the chain and two zwitterionic sulfobetaine monomers N-(3-sulfopropyl)-N-methacryl amidopropyl-N,N-dimethyl ammonium betaine and N-(3-sulfopropyl)-N-methacryloyl oxyethyl-N,N-dimethyl ammonium betaine, were procured.
Diallyl quaternary ammonium salts were polymerized by Butler et al [145] and were extensively used for industrial and commercial applications. The polyampholytes derived from zwitterionic N, N-diallyl quaternary ammonium monomers were subsequently reported [59, 67] . The alternating ampholytic copolymers of maleic acid with allylamine, diallylamine, methyldiallylamine and diallylquaternary ammonium salts were reported [146] . Ali et al have extended the work on diallylammonium salts [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] [158] [159] . This group has exploited its chemistry to prepare a series of diallylammonium based polymers incorporating SO 3- , COO -as pendant chains attached to -N + -centres. SO 2 was also incorporated in the copolymer chain to examine its effect as a spacer on their solution properties. In some of the reports, zwitterionic moieties have been converted into anionic analogues and studied their behaviour in solution. The influence of hydrophobic comonomer was reported in 2005 [158, 159] . The copolymeric hydrogel of N-carboxymethyl-N,N-dimethyl-N-allyl ammonium and acrylic acid was prepared with variation in cationic and anionic groups [160] .
In quest of the functional polymers, as reaction media, Itoh et al [161] designed a set of hompolymers of two sulfobetaine type, Poly (3-methacryloylethoxy carbonyl pyridinium sulfopropyl betaine) and poly (4-vinyl pyridinium sulfopropyl betaine). The novel polymer, black in colour, was derived from substitution reaction of poly (4-vinyl pyridine) on 1-methyl-2-bromo-4,5-dicyanoimidazole [162] . The comparison of viscosity behaviour of new polymer with that of poly(4-vinyl pyridine) suggested an increase in the rate of chain scission with the charge build-up along the polymer chain as the substitution reaction proceeds. A polycarboxybetaine based on Nvinylimidazole was attempted with the nucleophilic addition of poly(N-vinyl imidazole) to acrylic acid [163] . Gauthier et al [164] instilled the ionic groups into the polymers of n-butyl acrylate based and 2-ethoxyethylacrylate and scrutinized the copolymerization behaviour by varying the tether length in the zwitterionic moiety and /or the bulkiness of substituents attached to the ammonium unit, i.e. ethyl and n-butyl chain. The monomers were prepared via nucleophilic ring opening reaction by the nucleophilic addition. The insertion of bulkier group at ammonium ion enhanced hydrophobicity. The reactivity ratios implicated the microstructures of all copolymers should be relatively random. This will facilitate the development of structureproperty relations in zwitterionomers. Two sulfobetaine copolymers with either styrene or N-vinyl-2-pyrrolidone in the backbone were synthesized [165] . These copolymers were betanized by 1,3-propane sultone with ~90% betanization.
The laboratory of McCormick et al is engaged in the synthesis and analysis of water soluble polymers for two decades. Their objective of synthesizing electrolyte tolerant polymers showing the solubility in aqueous systems has been effectuated by the zwitterionic class of polymers to quite an extent. They sparked off a series of publications under the head "Water soluble polymers" since 1986 [9, 23, 44-46, 56, 63-66, 166-172] . Sodium-acrylamido-methylpropanesulfonate (NaAMPS) was co polymerized with (acrylamido-methylpropyl) dimethyl ammonium chloride (AMPDAC) via free radical polymerization [44] . Reactivity ratios indicate high alternating tendency of the copolymers. The terpolymers of acrylic acid, acrylamide and 3-[(2-acrylamido-2-methylpropyl) dimethylammonio]-1-propane sulfonate (AADAPS series) were synthesized by varying their feed ratios through free radical polymerization [166] and studied for dilute solution characteristics. A new carboxybetaine monomer, 4-carboxy propyl)-2-acrylamido-2-methyl propane dimethyl ammonium bromide (Fiigure 3) was synthesized by dissolving the corresponding amine in ethyl-4-bromobutyrate [167] . The solid mass obtained was passed through ion-exchange resin after recrystallization. The reactivity ratio analysis carried out by different methods and microstructural composition was obtained. The copolymers (DABAM series) were studied for their solution behaviour. Another terpolymer was synthesized by incorporating new monomer 4-(2-acrylamido-2-methyl propane dimethyl ammonio) butanoate with acrylamide and sodium acrylate [168] and 6-(2-acrylamido-2-methylpropyl dimethyl ammonio) hexanoate [169] (Figure 4 ). The terpolymer compositions do not suggest a major depletion of any of the monomers during the course of polymerization that may cause a significant drift in composition at 50% conversion to polymer. A series of copolymers based upon the copolymerization of N,N-diallyl-N,N-dimethylammonium chloride (DADMAC) with sulfobetaine monomer, 3-(N,N-diallyl-N-methylammonio propane sulfonate (DAMAPS) was attempted [170] . These monomers undergo an intramolecular-intermolecular cyclopolymerization yielding five-membered rings and a cationic charge common to polymerized diallylammonium salts. The associative interaction in aqueous media and the influence of hydrophobic monomer and zwitterionic monomer on them was explored by Armentrout et al [171] . The cyclopolymerization of N,N-diallyl-N-methylamine and 3-(N,N-diallyl-Nmethylammonio) propane sulphonate was carried out by photoinitiation (254 nm), 2-hydroxy-1-[4-hydroxyethoxy) phenyl]-2-methyl-1-propanone. The monomers were maintained in their most hydrated form by adjusting pH to 4.0 and keeping ionic strength high during polymerization. Reactivity ratio studies indicated random incorporation of the two monomer units. The interactions in solution will be discussed in the latter part of this article. Thomas et al [172] have synthesized a new pH and salt responsive carboxybetaine monomer, 4-(N,N'-diallyl-N-methylammonio)-butanoate by adding and cyclocopolymerized it with the monomer N,N,-dialyl-N,Ndimethylammonium chloride. The copolymers have an apparent pK a of ~3.6. The polyampholyte and polycarboxybetaine was compared for their characteristics by Fevola et al [173] . N-Butylphenylacrylamide was copolymerized with the sulfobetaine AMPDAPS or carboxybetaine AMPDAB via micellar copolymerization [174] .
The homopolymers of 2-(diethylamino)ethylmethacrylate(DMAEMA) were quantitatively betanized by 1,3-propanesultone [175] . Then the synthesis of sulfobetaine based hydrophilic-hydrophobic block copolymers was reported [176, 177] . Butun et al were able to selectively betainize the DMAEMA residues of the copolymer incorporating 2-(diisopropylamino)ethyl methacrylate (DPAEMA), 2-(Nmorpholino)ethyl methacrylate (MEMA), DEAEMA and DMAEMA [178] . Since the homopolymers of DEAEMA and MEMA take a little longer time (48-96 h) than the homopolymer of DMAEMA (24 h), while DPAMEMA did not betainized at all after four days also, it was possible to selectively betainize DMAEMA by restricting the time to 24 h.
Besides sulfobetaines, the syntheses of phosphobetaines have been attempted with great enthusiasm due to their proximity to phospholipids found in cell membranes [179] . Phosphobetaines have been reviewed in 1999 [180] . The route for synthesizing phosphobetaines mostly followed, is reaction of an alcohol containing monomer with 2-chloro-2-oxo-1,3,2-dioxaphospholane, with ring opening using the trimethylamine. These monomers are methacrylate [181] [182] [183] [184] [185] [186] [187] [188] [189] or methacrylamido based [190, 191] . The bilayer polymerization of monomethacryloyl phosphatidyl choline and monosorbylphosphatidylcholine by radical chain polymerization was studied at length by H.G.Lamparski et al [188] . The propagation of chain by tail addition and head addition were discussed and compared with the literature trends as per the results of 13 C nmr spectral data. In quest of a material having a good balance between hydrophobicity and hydrophilicity , Wang et al [190] copolymerized 1-(acrylamidomethyl)-2'-(trimethylammonio)-ethylphosphate with a range of acrylamides. The copolymer showed usual polyelectrolyte behaviour displaying prevalence of electrostatic repulsion between N + and N + centres. Another approach for their synthesis is through phosphonate/phosphinato-based species [194] . The synthesis of 2-(methacryloyloxy) ethyl-2-(trimethylammonio)ethyl phosphate was published in 1986 itself [193] . In 2002, the phosphorylcholine-based terpolymer was achieved by attaching the phosphorylcholine group to the copolymer incorporating NIPA [194] .
The polymer incorporating the charges on the backbone or directly attached to the backbone have been synthesized by reacting 2-chloro-2-oxo-1,3,2-dioxaphospholane with 2-(dimethylamino) ethanol, 1,1-(dimethylamino)decanol and p-[(dimethylamino) ethanamido] phenol. The monomers thus synthesized were polymerized in DMF [195] [196] [197] . Various surfaces and polymers have been modified to yield the phosphobetaine structures [199] [200] [201] [202] [203] [204] [205] . DNA-like and phospholipids-like polystyrene derivatives were synthesized [201] . The macromonomers having the phospholipids polar group were polymerized [206] . Phosphate, guanine, thymine, cytosine, adenine, serine, choline and many other chemical groups were attached to polystyrene via spacer groups in order to mimic DNA and phospholipids. 2-Methylene phosphatidylcholines were obtained by acylating phosphorylated glycerol backbones with 2-methylene fatty acid [202] . This was polymerized providing an easy approach to the stabilization of lipid assemblies which gives the freedom of motion to the lipid chain while maintaining the lipid head group.
The polymerized phosphatidylcholine vesicles as well as reversibly polymerizable thiol-disulfide phosphatidylcholine membranes have been synthesized by Regen group and have the potential in their application as probes in mechanistic studies involving lipid-protein, vesicle-cell interaction and as drug carriers [207] [208] [209] .
The developments in "living" / controlled radical polymerization (CRP) has provided a handy tool for synthesizing well defined polymers, eliminating the cumbersome and time consuming protecting group chemistry. The techniques in CRP include stable free radical polymerization (SFRP), e.g. nitroxide mediated polymerization (NMP) [210, 211] , 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) mediated, atom transfer radical polymerization (ATRP) [212] [213] [214] [215] [216] and degenerative transfer (e.g. reversible addition-fragmentation chain transfer, RAFT) polymerization [217] [218] [219] [220] [221] . ATRP was used by Ashford et al [222] to polymerize sodium methacrylate. The ease to use and the fact that it can be performed in aqueous medium has popularized it among the scientists. The monomers, 2-acrylamido-2-methyl propane sulfonic acid (AMPS) and 3-acrylamido-3-methyl butanoic acid (AMBA) were also directly polymerized via RAFT [223] . In addition, the diblock copolymer poly[2-(dimethylamino)ethylmeth acrylate-sodium acrylate] were prepared via RAFT [224] . ATRP technique was used to synthesize the polybetaine also. 2-(Methacryloyloxy) ethyl phosphorylcholine homopolymers and copolymers were prepared under mild conditions [225] . More recently AB diblock copolymer of NIPA and 3-[N-(3-methylacrylamido propyl)-N,Ndimethyl] ammoniopropanesulfonate was reported [226, 227] . Jager et al utilized the nitroxide-mediated polymerization for synthesizing the carboxybetaine polymer [228, 229] . The authors [226] have chosen a new type of complex, switchable block polymers with double thermoresponsitivity, using two blocks, of which one presents a LCST whereas the other presents an UCST. Both the polymers are hydrophilic. One is the non-ionic monomer N-isopropylacrylamide (NIPA) and second monomer is the
. The homopolymer of NIPA shows LCST in aqueous solution in the range 32-34 o C while that of SPP exhibits an UCST. The block copolymer was synthesized by RAFT procedure using the benzyl dithiobenzoate as the RAFT agent. In anticipation of investigating the structure-property relationship of polybetaine, a series of pyridinocarboxylates were prepared [229] . The spacer length between the charges was varied and the length of an additional alkyl chain at the α-carbon was also changed to observe their effect on the solution characteristics at molecular level. Two aminoacetates complete the range of materials in order to compare sp 2 with differently substituted sp 3 nitrogen ( Figure 5 ). The polymers were synthesized using controlled radical polymerization.
Another novel route to zwitterionic copolymers, avoiding protecting group chemistry has been reported by Gabaston et al [231] and [232] [233] [234] [235] [236] [237] . 2-Bromoisobutyrate based initiator was used with CuCl in conjunction with 1,1,4,7,10,10-hexamethyltriethylene tetramine(HMTETA) as catalyst. The diblock precursor was achieved by bulk polymerization of the appropriate tertiary amine methacrylate at 50 o C followed by efficient chain extension with HEMA. This precursor was derivatized with succinic anhydride yielding a range of zwitterionic copolymers in which both the blocks behave as weak polyelectrolytes depending on the solution pH, exhibiting "schizophrenic" behaviour. V.Butun et al [238] reviewed the progress in the synthesis f 'schizophrenic' water soluble bloc o k copolymers. A few zwitterionic polymers also mostly the sulfobetaines, showing upper critical solution ehaviour.
lt. However, the antipolyelectrolyte behaviour of witterionic polyelectrolytes renders enhanced viscosity and solubility on addition of lectrol fall in this class of polymers temperature (UCST) b
Solution Behaviour
The aqueous solution behaviour of zwitterionic polyelectrolytes is characterized by their "antipolyelectrolyte" behaviour. In general, the "polyelectrolyte behaviour", as shown by the cationic or anionic polyelectrolytes, is symbolized by a decrease of viscosity and solubility in aqueous solution on addition of simple electrolytes, whereas, the "non-polyelectrolyte behaviour" demonstrates no change in viscosity of the solution on addition of sa z e ytes in aqueous solution. The two opposite kinds of charges on the same macromolecular chain, whether of the polyampholytes or of the polybetaines, attract each other and tend to collapse or 'coil up' to take the globular shape ( Figure 6 ). On addition of simple electrolyte, the charged centers on the polymer chain are shielded by the respective cation /anion of the electrolyte (Figure 7 ), inhibiting the intramolecular attraction to expand the chain to an elongated "rod" shape facilitating solubility. Furthermore, the solution behaviour of zwitterionic polyelectrolyte also depends on the ratio of the ionic species incorporated into the polymer also. This ratio can be varied by synthetic methods or through the changes in the immediate aqueous environment, especially the pH of the solution. When any of the two charges exceed the opposite charge, the system behaves as polyelectrolyte, evinced by a reduction in viscosity in the presence of imple electrolyte. As the charge ratio approaches unity, the solution looms to ntipolye The electrostatic interactions render the polymer insoluble in deionized water and the addition of certain critical concentration of small electrolytes is required to solubilize the polymer. A minimum salt concentration is found to be essential for solubilizing these polymers in aqueous medium. This concentration of the salts is known as 'critical salt concentration' (csc). The solution behaviour of such systems is dictated by both coulombic attractions (contributed by polyampholyte/polybetaine) as well as the coulombic repulsions (contributed by the polyelectrolyte), as ascertained by the theoretical study of Higgs and Joanny [28] . Such ionic interactions, however, seem not to be as rigid as in polyelectrolyte complexes, because ionic groups are attached to the flexible side chain and easily form an inner salt structure on the same pendant group. Thus the physical properties of these polymers may be more subject to the effect of added low molecular weight salt. The carboxybetaine polymers are more soluble in deionized water than the sulfobetaine polymers. The carboxylate groups can be protonated in aqueous media easily, thus the charge ratio is varied by adjusting the pH of the solution, whereas, the sulfonate groups, being a weak base remains ionized in aqueous media. Such variations in the behaviour of these polymers with solution pH, ionic strength, temperature [53] provide them the "smart" behaviour characteristics, i.e. systems that undergo morphological transitions in respo such interactions were shown to be controlled by low concentration of chaotropic ions [16] .
Monroy Soto et al [52] studied a series of aliphatic and aromatic sulphobetaine polyelectrolyte for the aqueous solvation behaviour to conclude that solubility in organic solvents is limited to protic solvents with high hydrogen-bond donating power(fluorinated alcohols are best solvent, in spite of their relatively low dipole moment and dielectric constant) and promoted by electrolytes, which disrupt the intra-and inter-molecular ionic or dipolar network (especially in low salt concentration region). The higher the polarizability of the anion, the higher is the efficiency for polyzwitterion solvation. The sequence of anion binding affinity is observed to be closely parallel to the Hofmeister's lyotropic series. The csc has been found to follow the Hofmeister lyotropic series for anions capable of 'salting in' macromolecules from aqueous solution. The butylsulfobetaine poly(2-vinylpyridine) is soluble in water but that of poly(4-vinylpyridine) did not dissolve in water at any pH [57] . The addition of neutral salts aided the dissolution and again the trend followed the "Hofmeister's lyotropic series". The antipolyelectrolyte behaviour was noticed in the preliminary reports of Ladenheim and Morawetz [47] . The authors stated "dilute solution viscosity measurements led to much unexpected results. Reduced viscosities in water at 25 o C increased on dilution in the manner characteristic of polymers with high net charge densities". Such behaviours were confirmed and studied elaborately by many other authors as well. Salamone et al proposed that the higher and the lower slopes (intrinsic viscosity variation with Cl -concentration) reflect site and atmospheric binding of the anion by the polyampholyte, respectively [50] . Also, the salt concentration at the inflection point seems to be related to the csc. The authors inferred "for the solubilization of polysulfobetaine by aqueous salt solution, the cations and anions of the low molecular weight electrolyte could be considered to enter the ionically crosslinked network of the polymer through osmotic forces and it would be these forces which caused the polymer to swell when placed in water". The reason that the polymer does not dissolve in water could therefore be that the osmotic force which tends to draw solvent into the polymer is not of sufficient strength to rupture the ionic crosslink. This would be the typical case of swelling of a crosslinked material in which the polymer swells until the osmotic forces are balanced by the elastic forces of the network. In the case of the polymer being experimented here, as the solvent is drawn into the material, also bringing in mobile ions, the polymer swells as usual. However, the elastic forces which tend to oppose the continued swelling are constantly being decreased due to the fact that the mobile ions of the added salt are able to neutralize a portion of the ionic crosslinks. As a result, the swelling continues until the gel finally dissolves. The effect of the anion on the solution properties of such polymers was observed to be much greater than the effect of the cation. The charge/radius ratio might be the reason that the cationic effect is small. The hydration shell of a positively charged ion in water is generally fairly large, leading to a distance of closest approach which is not sufficient to neutralize effectively the charge on the sulphonate group. The divalent cations, known to precipitate anionic polyelectrolytes from aqueous solution even at low concentrations did not precipitate the poly [1-vinyl-3-(3-sulfopropyl) imidazolium hydroxide] (PVISB). These, cation and anion effects were reaffirmed by the viscosity experiments. The light scattering experiments appeared to confirm the idea that the increase in intrinsic viscosity is mainly due to an increased polymer-solvent interaction, rather than to electrostatic repulsive forces which would have appeared as a large change in the radii of gyration.
Schulz et al [53] made the entire phase diagram for the first time for any sulfobetaine polymer. P(SPE) showed an UCST (33 o C) as well as an apparent inverted LCST (16 o C). This inverted LCST occurs in the neighbourhood of the overlap concentration. The authors propose that this solubility behaviour results from a shift from insolubility caused by intramolecular associations (by ionic and H-bonding interactions) to solubility induced by intermolecular interactions. The latter interactions facilitate solubilization of the chains at low levels. At higher level, intermolecular interactions become so dominant that precipitation again occurs. Addition of salt lowers the UCST. Itoh et al studied the aqueous solution properties of poly(4-vinylpyridinium sulfopropylbetaine) (PVPyPS) and poly(3-methcryloylethoxycarbonylpyridinium sulfopropylbetaine) (PMAPS) [161] .The steric situation around the charge centers hinders intra-and/or inter-macromolecular electrostatic interactions affecting the 'csc'. The effect of an anion on csc is much greater than that of a cation as observed by Salamone et al [50] . The [η] values for NaCl and KCl are almost the same but for KCl, KBr and KI increase in the given order. This stronger binding of I -to poly(sulfobetaine) interrupts ionic crosslink and thus results in chain expansion. Hydrogel membrane VPyPS and acrylamide was prepared and swelling behaviour in aqueous salt solutions was monitored. The membranes were opaque in pure water, which became transparent on transferring to salt solution. The salt concentration at which the membrane becomes clear is nearly equal to the csc value of PVPyPS. Konak et al [140] evaluated the role of attractive long range electric dipole interactions on solution properties of the zwitterionic copolymers. The zwitterionic systems chosen were N-(2-hydroxypropyl) methacrylamide (HPMA) copolymers containing N-(2-hydroxyethyl) piperazine-N'-ethanesulfonic acid (HEPES) side chains. Well-defined aggregates were observed in the vicinity of the isoelectric point of HEPES groups in side chains of copolymers, where both the positive and negative charges are equally substituted on HEPES moieties forming a zwitterionic structure. A collapse of molecularly dissolved chains was observed simultaneously with aggregation. The aggregation process has a dynamic nature characterized by equilibrium between single contracted chains and multichain aggregates. The intermolecular and intramolecular aggregation, in analogy with the behaviour of ionomers in low polarity solvents, is attributed to attractive electric dipole-dipole interactions among different zwitterionic HEPES moieties (ion pairs, dipoles) in side chains of HPMA-HEPES copolymers. Schulz et al postulated these interactions to be based on electrostatic attractions between opposite charges of different sulfobetaine units. One might expect such effects to be especially strong as microheterogenous associations lead to local decreases in dielectric constant of the domains. Some of the polymers were soluble in salt solutions only. The attempts were made to remove the salt from the polymers by dialysis but the polymer phase separated out from solution. The copolymers display increased viscosity upon addition of NaCl and Even the CaCl 2 and in the temperature range o C also due to intramolecular interactions [53] .
Rego and Huglin [250] pointed out that the relative importance of the sulphobetaine possible couplings, viz. intra-group associations , interactions between nearest neighbours or intra-chain or inter-chain coupling was not elucidated up till then in the sulphobetaine solvation studies. They introduced neutral spacers between SPE monomer units to evaluate the importance of nearest neighbours interactions. The spacer used was HEMA. The water solubility of polymer obtained from zwitterionic polymerizable surfactants bearing a vinyl group is controlled by their molecular geometry. If the surfactant structure is bound to the polymer backbone via the end of the hydrophobic tail (Figure 8 ), the polymers are generally water soluble. If the surfactant structure is bound to the polymer backbone via the hydrophilic head group, the hydrophobic chains should be much more mobile and thus be capable of efficient solubilization. Yet such polymers are generally water-insoluble. To combine these two effects, Laschewsky [115] also studied the effect of oligoethyleneglycol spacer groups between the zwitterionic polymerizable moieties. The reactive (methacrylate) group was attached via triethyleneglycol / tetraethyleneglycol to the head groups (quaternary ammonium/ sulfonamide) and other alkyl/alkoxy spacers were formulated to check the solubility behaviour. All the polymers were water-insoluble. polymers containing the spacers are insoluble in water. Thus the insolubility in water cannot be attributed to the general poor solubility of zwitterionic polymers. The additions of zwitterionic mer to the copolymer decrease the intrinsic viscosities of the solution [56] . This decrease is due to increasing intramolecular interactions which constricts the polymer coil. McCormick and Salazar [56] studied the dilute solution properties of the acrylamide copolymer with sulfobetaine monomer. The intrinsic viscosities decreased with the increasing percentage of sulfobetaine comonomer in the copolymer due to decrease in molecular weight as well as increasing intramolecular interactions which constricts the polymer coils. Terpolymers of acrylic acid, acrylamide and 3-[(2-acrylamido-2-methylpropyl) dimethylammonio]-1-propane sulfonate (AADAPS series) were synthesized by varying their feed ratios [166] . Two of the samples were soluble in deionized water, AADAPS-5 and AADAPS-10. AADAPS-25 was insoluble in deionized water and 0.25M NaCl, however the copolymer was insoluble in 1M urea. AADAPS-40 was insoluble in any of the above solvents. The solubility behaviour is a culmination of two effects: (1) charge-charge interaction between the 3-(2-acrylamido-2-methyl propanedimethylammonio)-1-propanesulfonate (AMPDAPS) mer units and (2) hydrogen bonding between the amide and carboxylic acid units. The presence of urea may disrupt hydrogen bonding between the carboxylic acid and amide groups and allows solubilization of the polymer. The intrinsic viscosity decreases with ionic strength of the medium reduced viscosities are higher in NaSCN solutions in comparison to NaCl solutions, the reason being justified by "soft-hard" acid base theory as mentioned earlier.
The copolymer (DABAM-AMPDAB) incorporating carboxybetaine groups, stock solutions (0.3 g dl -1 ) are optically clear solutions but visibly heterogenous as noted by the presence of a number of small microgel -like particles suspended in solution [167] . The solutions are viscous, however, indicating complete dissolution of most of the sample. Aggregates remain even when diluted to 0.01g dl -1 .The addition of NaCl, NaSCN and CsCl or known protein denaturants (urea and guanidine hydrochloride) over a wide range of concentrations (0-3 M) fail to disperse the microgel particles. This implies some other mechanism for intermolecular aggregation than electrostatic interactions. The polysulfobetaines do not display such behaviour and were molecularly dissolved in the presence of added electrolytes. DABAM-100 (AMPDAB mol % 100) is soluble in deionized water at all pH (pH 1-13). This suggests the incomplete solubility of DABAM-60 and -75, due to the presence of the acrylamide comonomer. DABAM-60 and -75 display higher viscosities than -25 and -40. This is probably a result of the more aggregative nature of the copolymers containing a higher incorporation of AMPDAB. The differences in solubility of polysulfobetaine and polycarboxybetaines are likely due to the more hydrophilic nature of the caroboxylate functional group as compared to the sulfonate group. ). This behaviour is in accord with the 'Hoffmeister effect'. The dramatic pH responsiveness of the carboxylate mer units is in direct contrast with that of the sulfobetaine mer units. The sulfonate group is a much weaker base than the carboxylate group and cannot be protonated at pH values which will not degrade the polymer backbone. At pH values less than 3, a reduction in the apparent viscosity is observed for DABAM-25. This behaviour probably results from a shielding of the cationic charges as the concentration of hydronium and chloride ions increases as the pH is lowered. The increase in hydrophobicity as more of the carboxylate groups nions, these polymer phase are protonated is also partially responsible for loss of hydrodynamic volume in aqueous media. At pH 8, the copolymers exhibit both intermolecular and intramolecular interactions depending on the amount of AMPDAB incorporated into the copolymer.
A series of copolyzwitterions incorporating both carboxybetaine and sulfobetaine were studied for their solution behaviour [247] (Figure 9 ). The copolymer incorporating 25 mol % carboxybetaine and 75 mol % sulfobetaine is soluble at pH values less than 8 in deionized water. At pH ≤ 8, sufficient numbers of carboxylate groups of AMPDAB are protonated such that the polymer coil acquires a net +ve charge. Solubilization of the polymer results when charge-charge repulsions between the cationic groups reach the critical limit. Conversely, above pH 8, the charge ratio approaches unity. The attractive dipolar coulombic interactions between the anionic and cationic charge interactions result in phase separation. The solubility behaviour was interpreted as the competition of the attractive and repulsive coulombic interactions and hydrophobic effects caused by counterion association of small anions with the quaternary ammonium groups as the pH was lowered. The copolymer with equal %age of carboxylate and sulfonate anion or more sulfobetaine than carboxybetaine remain soluble in the presence of chloride anions at all pH values (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . However, in the presence of thiocyanate a separate at a critical pH and electrolyte concentration. This behaviour is attributed to tighter counterion binding of the thiocyanate anions along the polycation chain, resulting in dehydration and ultimately phase's separation. The viscosity measurements also corroborated these interpretations.
A comparative analysis of the terpolymers incorporating different ratios of acrylamide (AM), sodium acrylate (NaA), carboxybetaine zwitterionic monomer 4-(2-acrylamido-2-methyl propane dimethyl ammonio) butanoate (AMPDAB) and sulfobetaine 3-(2-acrylamido-2-methyl propane dimethyl ammonio)-1-propane sulfonate(AMPDAPS) was carried out at different pH and electrolyte variation [168] . All terpolymers are soluble in deionized water but those containing 10 mol % and 25 mol % of carboxybetaine required longer dissolution time. The reduced viscosity of the carboxybetaine terpolymer passes through a minimum as it undergoes a polyanion → polyzwitterion → polycation transition upon lowering pH as a result of the protonation of the NaA and AMPDAB mer units. The sulfobetaine terpolymers do not exhibit an enhancement in viscosity at low pH due to the weak basicity of the sulfonate group.The copolymer of the sulfobetaine monomer 3-(N,N-diallyl-N-methyl ammonio) propane sulfonate and N,N-diallyl-N,N-dimethyl ammonium chloride [170] with a low molar incorporation of the sulfobetaine moiety endorsed the classical polyelectrolyte behaviour. As the ionic strength of the medium is increased, the small molecule electrolyte by-ions shield the backbone cationic repulsions, allowing the polymer to assume a more random conformation. For copolymers containing 40-55 mol % DAMAPS, the polymer chain assumes a compact conformation due to intramolecular dipole-dipole interactions. However, a sufficient number of excess positive charges along the copolymer backbone allow solubility. As the ionic strength is further increased, the charge-charge repulsion of the excess positive charge is diminished, and a collapse of the polymer chain is realized. With the further increase in the ionic strength, the dipole-dipole interactions of the sulfobetaine mer units are diminished, allowing an expansion of the polymer coil. So a stimuli-responsive behaviour including phase separation can be realized by adjusting ionic strength. The ly imethylammonium chloride and its derivatives comparison of the aqueous polyampholytes solution and polyzwitterionic solution provided an insight into the chemistry of their structural behaviour. The polybetaines behaved as stiffer chain due to intramolecular interactions while polyampholytic solution showed higher viscosity and better sensitivity to stimuli [174] .
The cyclopolymers of N,N-diallyl-N-methylamine (DAMA) and 3-(N,N-diallyl-Nmethylammonio) propane sulfonate were studied for their solution behaviour utilizing turbidimetric titrations, steady-shear viscometry and equilibrium surface tension [171] . In the case of the homopolymer of DAMA, the polymer precipitates from solution for less degree of ionization (α < 0.1). At low degree of ionization, the hydrophobic tertiary amine functionality dominates the phase behaviour and precipitation of the polymer results. The incorporation of the hydrophilic sulfobetaine mer units help to solubilize the hydrophobic segments of the copolymer. However, as the sulfobetaine content increases to 66 mol %, macroscopic phase separation ( but no precipitation) is observed for low degrees of ionization of the DAMA mer unit (α < 0.2).The like molecular interactions causing the phase behaviour are the dipole-dipole associations among the sulfobetaine mer units. As the degree of ionization is lowered, the cyclic, cationic mer units are transformed into hydrophobic, nonprotonated amines, causing the polymer to assume a collapsed conformation.
The carboxybetaine monomer, 4-(N,N-diallyl-N-methylammonio) butanoate has been copolymerized with N,N-diallyl-N,N-d [172] , at 37 mol % of carboxybetaine display a viscosity minimum at intermediate salt concentrations. They are pH -responsive between pH 2.5 and 4.5. At high ionic strength the copolymer (5-co-3 and 2-co-3) solutions exhibit similar behaviour where all electrostatic effects are shielded.
While studying the solubility behaviour of polymerized zwitterionic surfactants, the authors concluded that the solubility characteristic is mainly controlled by the "skin" of the polymers exposed to the solvent [113] . Thus, ionic/zwitterionic skins require polar solvents and hydrocarbon skin require less polar solvents. The surface activity of the polymers is low, as the intramolecular aggregation minimizes interfacial accumulation of the polymeric surfactants. The incorporation of zwitterionic comonomer is poorly suited to achieve solubility of the zwitterionic copolymers in pure water [227] .The polybetaines containing an aromatic group in the polymer backbone showed limited solubility due to simultaneous attractive interactions of both the betaine moiety and the aromatic group [60] . The highly hygroscopic nature of these polymers indicated one molecule of H 2 O per betaine group which can be removed by heating at 130 o C. The mixtures of polysulfobetaines with the series of sodium salts elucidated that only iodide, bromide and nitrate were miscible in stoichiometric amounts. Good miscibility depended on both the salt and the polymer chosen. Although the nature of the inorganic salt seems to be dominant; in borderline cases, the polymer structure is decisive. However, the polymer geometry, space groups, etc. is also equally contributory to successful mixing. In exploring the role of hydrophobic substituents on the diallyl ammonium based polysulfobetaines and polycarbobetaines, the authors have identified the significance of the structural geometry involved in the polymer backbone in conjunction with the length and nature of spacer groups between the two charge centres [119] . The soluble polysulfobetaine retains its solubility on addition of a pentyl spacer but the replacement by a rigid benzyl group (or decamethylene spacer) makes it insoluble, possibly favouring intermolecular over intramolecular ion pairing. In hydrophobic poly(zwitterions) with a constitutional C 2 -repeat unit, the ionic groups close to the polymer backbone are hidden from the solvent by the densely attached pendant hydrocarbon chains. The anchoring of the charged groups to the polymer backbone blocks the amplicity of the repeat units and ry Cl (for thus renders such polymers more lipophilic than expected from their hydrophilichydrophobic balance. The polybetaines were mixed with a variety of salts and they formed stoichiometric homogenous blends with NaBr, NaI, NaClO 4 , NaNO 3 , (PdNO 3 ) 2 and Bi(NO 3 ) 3 .
The copolymer of SO 2 and the zwitterionic monomer 3-(N,N-diallyl ammonio)propane sulfonate gave a new polysulfobetaine (PSB) copolymer [156] . For a common anion, Cl -, the sequence of increasing solubility power (decreasing order of csc values) was: Li + < Ca 2+ < K + = NH 4 + ≈ Na + ≈ H + differing from the sequence of the homopolymer, i.e. Li + < H + < NH 4 + <Ca 2+ < Na + ≈ K + . And for a common cation, K + , the csc values are very sensitive to the nature of the anions. The sequence of increasing solubilizing power is found to be: Cl
The concentration of KCl required to promote water solubility is found to be 7.8 times more than that of KI. The higher polarizability of iodide ion is more effective in neutralizing the ionic crosslinks and increasing the solubility of the polybetaine. The amounts of the salts required to solubilize the polybetaine were higher than required in the cases involving polymers of quaterna ammonium sulfobetaines. The nitrogen in PSB is less crowded since H instead of an alkyl group is attached to it and as such the negatively charged SO 3 -is expected to have closer approach to the positive nitrogen for effective internal neutralization of the charges, thus making the polymeric backbone tightly coiled and less hydrated.
The synthesis of poly(electrolyte-zwitterion) PEZ and the corresponding sulfur dioxide copolymer from sodium N-(3-sulfopropyl)-3-(N,N-diallylamino)propane sulfonate, having identical length and chemical structure of side chains was taken up [157] . The polymer was expected to show the characteristics of polyelectrolyte and polyzwitterion both. The solubility itself shows the electrolytic behaviour as the PEZs were soluble in majority of the protic solvents. The intrinsic viscosity was found to decrease in the order NaCl > KCl > CsCl (for common anion) and KI > KBr > K common cation). It is obvious that the cations as well as anions do not have much effect to influence the viscosity behaviour. The inability of the highly polarizing iodide ion is depicted by the decreasing values of [η] with increasing added salt. Hence the electrolytic part of the structure dictates the solubility and viscosity behaviour.
The intrachain interactions hindering the carboxylic groups from being protonated was studied by titrating the 10 -3 M polycarboxybetaine solutions were titrated with 10 -3 M poly(styrene sulfonate sodium salt) [229] . The presence of more than two methylene groups as spacer between the charges; spacer length independent charge content up to pH 3 was observed. Additional alkyl chains at the α-carbon do not efficiently prevent charge interaction; a decrease in titrable charges takes place at lower pH values. The aromatic ammonium functions interact more efficiently than aliphatic ones as concluded by the lower titrable amount of cationic charges. The probability of an efficient "ion pair" like association with the delocalized charge of the "flat" pyridinium moiety is remarkably higher than with the sp 3 nitrogen. In conclusion, most of the polycarboxybetaines with a 6π system in the side chain exhibit remarkable "ion-pair" like association behaviour. The pH of 1% aqueous solution of the polybetaine of quaternary ammonium salt, N,N-diallyl-N-carboethoxymethyl-Nmethylammonium chloride and sulfur dioxide 0.1N NaCl was found to be 7.22 respectively [149] . Further, it was insoluble in water and in most of the protic solvents, but it dissolved easily in aqueous solution of salts including divalent cations such as Ca 2+ , which are known to precipitate out polyelectrolytes. For the solubilization, the low molecular weight anions and cations of the added electrolyte enter and partially neutralize a portion of the ionic network of the polymer. The elastic forces, which oppose continued swelling, are gradually decreased and finally the ons between ions (fixed and mobile). The antipolyelectrolytic behaviour of polyelectrolyte is neutral. On increasing the NaCl concentration, the intrinsic viscosity of the polyampholyte increases, an "antipolyelectrolyte behaviour".
The ampholytic diblock copolymer of AMA-SPM formed aggregates in aqueous solutions [105] . In the region of the pH around the isoelectric point, when total charge is almost neutralized, phase separation is noticed. The size of the aggregates increases with concentration of the copolymer in solution but is independent of pH. The swelling behaviour of polysulfobetaine hydrogel was compared with the semiquantitative calculations based on the Flory-type swelling model incorporating the Donnan equilibria and the Debye-Huckel theory of electrolytic solutions to account for the interacti polyzwitterions was demonstrated theoretically and was in qualitative agreement with experimental observations for a net zero-charge ampholytic hydrogel. The distribution of fixed charges on the hydrogel network decisively affected swelling behaviour.
The polyampholytes are characterized by having an isoelectric point (IEP,pI), which is defined as the pH at which the The IEPs may be determined experimentally by titration or by measuring the reduced viscosity. It is also possible to predict the pIs theoretically residues and R is the ratio of acidic to basic residues. Equation (1) is suitable for base rich ampholytes bu
Many authors have compared the theoretical and experimental pIs of various polyampholytes [100] .
The polysulfobetaine containing N-vinyl-2-pyrrolidone was insoluble in water at concentrations suitable for viscosity measurements but GPC analysis of highly diluted solutions in deionized water and and in salt solutions was carried out successfully [165] . Equilibrium between aggregates and molecularly dissolved chains was established and was unaffected upto 50 o C but decisively affected by addition of salts. The intramolecular interactions lead to collapse of the polymer chains while the intermolecular associations result in aggregation. The reduced viscosities at higher salt concentrations were insensitive to the polymer concentrations exemplifying hardsphere suspensions. The intrinsic viscosity in 0.5 M salt solutions containing common cations increases in the order Cl -< Br -< I -= SCN -(K + ); Cl -< ClO 4 -(Na + ) . This is the sequence of increasing the "softness" of the anions and their attraction by the quaternary ammonium group. The incorporation of hydrophobic styrene units in the very different polarities are formed at polyzwitterion chain yielded micellar structures. The micelles are stabilized by the zwitterionic groups exposed to the aqueous phase. Their stability depends on the solvent quality and temperature. The intrinsic viscosity decreases in the presence of a salt.
PolyNIPA and PolySPP behave oppositely in the electrolyte solutions. The study of block copolymer incorporating them is interesting to analyze [230] . Due to the effect of salt on the clustering of the copolymer at room temperature, the block copolymer is not in a molecularly dissolved, unimeric state at high polymer concentrations. This may be the case also at low polymer concentration and because the polymers at room temperature are not unimers, the aggregation starts above and below the critical temperatures by clustering of small aggregates. A salt concentration regime is observed where the mechanism of temporary clustering of the macromolecules changes from an ionic into a hydrophobic one. Poly-SPP shows an (UCST) in water which increases with the molar mass, due to the strong mutual intermolecular attraction of the zwitterionic groups. By cooling a transparent solution of 1g/l of poly-SPP in water, the solution becomes increasingly turbid below a characteristic temperature indicating the collapse of the polymer coils [226] . Poly-NIPA used shows a lower cloud point (i.e. the temperature for the given concentration below which the solution is clear) of 32.3 o C by heating and 29.8 o C by cooling. The block copolymer solution of CP33 comprising of 95 monomer units of polyNIPA and 180 monomer units of Poly-SPP, at the concentration of 1g/l are turbid at low as well as high temperatures, while they remain transparent at ambient temperatures. The block copolymers remain soluble in the whole temperature range, even after collapse of one of the two blocks, i.e. these solutions are at least metastable. The phase transition temperature of CP33 is 8.6 o C whereas for CP180, the value is about 19 o C, showing the dependence of UCST on molar mass. At low temperatures, the fragments of the polymer backbone and of the zwitterionic side chains behave differently. The backbone seems to be completely dehydrated and strongly immobilized while the hydration of zwitterionic side chain remains important as does their mobility even after the polymer coil has collapsed. The soluble block keeps the aggregates in solution, micellar domains with low and high temperatures from the block, which is collapsed under the given conditions. The microdomains formed at low temperatures are rather polar and not able to solubilize hydrophobic probes, whereas the microdomains formed at high temperatures are nonpolar and able to do so.
The styrene-[N,N'-dimethyl(maleiimido propyl) ammonium propane sulfonate] (SDMMAPS) copolymer was insoluble in water but formed transparent gel in aqueous solution [134] . The salt solutions dissolved the copolymer. Those cations (anions) with a large radius bind easily to the sulfonate (quaternary ammonium) groups of the DMMAPS units confirming the Pearson's principle. The COO -from COOH side groups of poly (SDMMAAPS) in hard base preferring to bind with a hard acid such as Li + (or Ca 2+ ), which has a small radius: the smaller the radius of the cation ionized from the salts containing various mono-or divalent cations, the stronger the binding ability on -COOH. This action makes the -COOH side group transform into a -COO -group, which produces a strong electrostatic repulsive force to make polymer chains fully expand according to the decreasing order of Li ≈ Ba 2+ for chloride salts [128] . The hydrophilic group on the polymer backbone makes the polymer-solvent interaction. The presence of the acrylamide/styrene segment, hydrophilic/hydrophobic groups on the copolymer markedly influence its behaviour in aqueous salt solution.
The influence of the amount of zwitterionic monomer N,N'-dimethyl(acrylamido propyl)ammonium propane sulfonate (DMAAPS) in the copolymeric gel on the swelling behaviour in water, in saline solutions at varying temperatures was well documented by Lee et al [130] . The homopolymer of HEMA exhibits a minimum swelling ratio at 55 o C. The water bound by the hydrogen bonding force between the water and the polymeric chain is released at increased temperature due to weakening of hydrogen bonding force at elevated temperature, in addition to the increased entropy of water and polymeric chain. When the temperature is above 55 o C, the mixing force between polymer and water will exceed their self attraction forces. The external free water is moved from the surroundings to the hydrogel. DMAAPS contains an amido group, the hydrogen bonding force between the water and polymeric chain is increased when more DMAAPS is introduced into the HEMA/DMAAPS copolymeric gels. The various structures of comonomers affect the swelling behaviour of the copolymeric gels. The equilibrium swelling ratio of the copolymeric gel increase in the order of F , the swelling ratios of the copolymeic gel increase with increasing sulfobetaine content and salt concentration.
The aggregation behaviour of polyampholytes represents some interesting facts. The di-and triblock polyampholytes were able to self assemble in aqueous solution forming a range of spherical and non-spherical structures. The AB diblock copolymers undergo reversible aggregation forming micelles with DMAEMA cores and MAA coronas, when the temperature is raised above the cloud point of DMAEMA block [99, 100] . The aggregation behaviour of MAA-DMAEMA block copolymer was found to form aggregates w the pH and composition [217] . The zwitterionic shell cross linked "Knedel" micelles /nanoparticles were prepared by the use of DMAEMA-MAA diblock copolymer [99, 100] . The important application of such systems, the purification of different proteins was taken up by Patrickios et al [240] [241] [242] .
The micellization behaviour of poly [3- [N-(2-methacryoyloylethyl)-N,N-dimethyl ammonio]-propanesulfonate]-block-poly(methyl methacrylate) (PDMAPS-b-PMMA) copolymer, having the hydrophilic-hydrophobic nature was studied in aqueous solution [176] . The PMMA forms the core of the micelle and PDMAPS, the shell. The PMMA forms the compact core and PDMAPS forms a highly swollen shell. One of the most important properties of block copolymer micelles in aqueous media is their ability to solubilize organic compounds in hydrophobic cores. This block copolymer micelle was able to solubilize 1.8 g of chloroform per gram of PMMA. The estimated micelle radii with solubilized chloroform are ≥ 8.7.The DPAEMA block forms the hydrophobic micellar core [178] . The betainized DMAEMA residues are soluble in alkaline media and they remain in solution as micelles upto pH 12. The radii of betainized DMAEMA-DEAEMA and DMAEMA-DPAEMAblock micelles are ~20 nm. The temperature induced micellization behaviour was observed for betainized 36:64 DMAEMA-MEMA block copolymer at ~70 o C, forming micelles of around 100nm diameter. The zwitterionic block copolymer incorporating 4-styrene sulfonate and vinyl benzyl alcohol (VBA) at pH 6 showed the formation of micelles in aqueous solution of the diameter ~70 nm [231] . The hydrophobic VBA component formed the non-solvated micellar core. The block copolymer of 2-methacryloyloxyethyl phosphorylcholine (MPC) and 2-(diethylamino) ethylmethacrylate (DEA) dissolved molecularly in acidic solutions due to protonation of DEA residues but formed micelles at pH 8 [225] . The deprotonated, hydrophobic DEA residues formed the dehydrated micelle cores and the MPC residues formed the solvated coronas of diameter ~43 nm. Such micelles are expected to act as "stealthy" nanoparticles since the MPC block should minimize protein adsorption and hence prevent phagocytosis. The MPC-DEA block copolymer micelle shows the prospects to be used in drug delivery applications showing biocompatibility. The diblock copolymer poly(4-vinyl benzoicacid-block-2-(diethylamino)ethylmethacrylate)(VBA-b-DEA) shows interesting micellization behaviour in aqueous solution [249] . At pH 2, well defined VBA-core micelles are formed with a diameter of 36 nm. As the pH is increased, the micelle diameter increased monotonically because of the concomitant decrease in degree of protonation of the DEA block and increasing degree of ionization of the VBA block. Thus, as the solubility of the VBA block increases and the DEA block becomes less hydrophilic, the overall hydrophilic-hydrophobic balance of the copolymer changes and larger nonmicellar aggregates are formed at around pH 6 with a diameter of 120 nm. A further increase in pH leads to precipitation, indicated by the dramatic increase in turbidity. Above pH 8.5, the solution becomes transparent again. At pH 9.2, colloidal aggregates are formed with the diameter ~66 nm. Now, well define compact DEA-core micelles with a mean diameter of 35 nm are formed at pH10. The net charge on the particles is close to zero at pH 7.5. On either side of this pH, the isoelectric point, the micelles had either positive zeta potential due to cationic DEA coronas (at low pH) or negative zeta potential because of anionic VBA coronas (at high pH). This is a good example of induced micellization forming micelles as well as reverse micelles only by switching the solution pH. The succinate half ester derivative of 2-(diethylamino)ethylmethacrylate (DEA)-block-HEMA diblock copolymer (DEAbSEMA), a zwitterionic copolymer was molecularly dissolved in water at pH 8. At pH 11, the micelles of diameter 26 nm with hydrophobic PDEA core and anionic PSEMA coronas was observed. At pH 2, the formation of aggregate of ~100 nm diameter was noticed [237] . In acidic solutions, DEA block is protonated and this cationic charge tends to hinder the formation of compact hydrophobic cores. Surface tension values are lower in alkaline solution than in acid, which is consistent with the formation of well defined micelles and larger colloidal aggregates, respectively under these conditions. Hence, a novel schizophrenic zwitterionic material has been synthesized. Y-shaped PDEA-(PSEMA) 2 block copolymer was anticipated to form PSEMA-core micelles with cationic PDEA coronas at low pH and PDEA-core micelles with anionic PSEMA coronas at high pH [248] . The PDEA block is protonated in acidic solution, thus the aggregate formed should have cationic coronas. But at the pH 10, PDEA blocks formed the micelle cores and -COOH groups of PSEMA block ionize to form the coronas. At pH 6.2, the net charge on the copolymer is zero. Thus at low pH, the copolymer micelles have positive zeta potentials due to the cationic PDEA coronas, ently attached to the column and are equal in numbers to each other.
ly suited for simultaneous separation of cations and anions on a single column. Nesterenenko and Haddad have reviewed the zwitterionic ion-exchangers in liquid chromatography [244] . They classified the different ionexchangers in four groups based on their structure and distribution of oppositely charged groups.
whereas at high pH, negative zeta potentials due to the anionic PSEMA coronas are observed The sulfobetaine mer3-[N-(3-methacrylamidopropyl)-N,N-dimethyl] ammoniopropane sulphonate (SPP) was incorporated into the PNIPAM [243] . The LCST was observed to increase with the %age of SPP. The viscosity measurements indicated enhancement in intermolecular interactions with SPP content.
The zwitterionic stationary phases have been extensively used for chromatographic separation of cationic, anionic species either independently or simultaneously and zwitterionic species also. These phases are prepared either by covalently attaching small zwitterionic surfactant molecules over the silica or other supporting columns or by dynamically coating. The zwitterionic polymer based columns have been surprisingly less reported. In such columns, the cationic and anionic exchange moieties are coval Such columns are high Yu et al [245, 246] have prepared the columns to which the zwiitterionic functionalities are covalently attached to silica showing the capacity to simultaneously separate organic anions and cations [15] . The polymeric sulfobetaine and phosphorylcholine based stationary phases were reported without any change in charge ratio of the cation/anion over a wide pH range ( Figure 10 ) [13] [14] [15] [16] [17] . The efficient separation of inorganic cations and anions was obtained independently and simultaneously. The polysulfobetaine as well as phosphorylcholine stationary phase showed a slight -ve surface charge, independent of the arrangement and distribution of charges on the surface [20] . The retention mechanism was seen to depend on the ratio of charge balance and the mode of preparation of the column. The column had the charge balance of ~1 and was able to separate inorganic cations and anions using aqueous solutions of perchloric acid or perchlorate salts and acidic and basic , conalbumin, chymotrypsingen A, cytochrome c and lysozyme, e specifically engineered for the particular nctions required. The scope lies with the controlled radical polymerization for ecific polymers which could be tailored more efficiently to suit different in exploiting and livery; developing proteins, ovalbumin as well in a single run using the gradient elution. The phosphorylcholine modified stationary phase showed retention for basic peptides at pH 3-7, while the retention capacity was high for acidic peptides.
Future Prospects
The construction of advanced materials is the current challenge in the field of polymers. The approaches to such structures vary widely depending on the modes of binding the components which can be triggered by changes in the environment, such as temperature, pH, ionic strength, etc. Such responsive systems have potential application in drug delivery systems, separation materials, sensors, catalysts, etc. The polymers' incorporating zwitterionic species seems to be most promising for such materials. The responsiveness shown by polyzwitterions is specific, sensitive and instantaneous. 
